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Shatin, Hong Kong, Peoples’ Republic of China; and ‡Department of Cell and Molecular
Biology, Tulane University, 2000 Percival Stern Hall, New Orleans, Louisiana 70118
The effects of Bmp-4 on interdigital cell death were investigated in the mouse. Affi-Gel beads, loaded with recombinant
Bmp-4 protein, were transplanted into the interdigital tissues of day 12.5 hindlimb, ex utero. It was established that Bmp-4
could induce precocious interdigital cell death. Using in situ hybridization, the expression patterns of bmp-4 and alk-6
receptor were established. Both genes were found coexpressed in the interdigital region of 12.5- and 13.5-day hindlimbs. This
suggests that Bmp-4 may act in an autocrine fashion. We have also studied the effects of Bmp-4 on 12.5-day interdigital
tissue cultures. In all specimens examined, the interdigital tissues produced cartilage instead of participating in cell death.
The addition of exogenous Bmp-4 to the interdigital cultures did not induce apoptosis but instead enhanced chondrogenesis.
The discrepancy between the effects of Bmp-4 in vitro and ex utero was attributed to the presence of digits. When a flanking
digit was left attached to the interdigital tissues, in vitro, Bmp-4 promoted apoptosis instead of chondrogenesis. In sum, the
results suggest that Bmp-4 is a multifunctional protein and its effect on the interdigital tissues is dependent on the
modulating influence of the digits. © 2000 Academic Press
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aINTRODUCTION
Bone morphogenetic proteins (Bmps) are a family of
multifunctional secreted proteins, structurally related to
transforming growth factor-b and activin (Celeste et al.,
1990; Wozney et al., 1990; Lyons et al., 1991; Kingsley,
994). Bmps were originally identified on the basis of their
emarkable ability to induce the formation of ectopic bones
hen implanted into the skeletal musculature of adult rats
Wozney et al., 1988). In the developing limb, Bmps are key
ediators of many diverse morphogenetic processes and
hese include apoptosis (Zou and Niswander, 1996; Macias
t al., 1997; Gan˜an et al., 1998; Merino et al., 1998),
chondrogenesis (Zou et al., 1997; Buckland et al., 1998),
1 To whom correspondence should be addressed at the Depart-
ent of Anatomy, The Chinese University of Hong Kong, Shatin,m
s
ong Kong, People’s Republic of China. Fax: (852) 2603 5031.
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All rights of reproduction in any form reserved.yogenesis (Duprez et al., 1996), pattern specification
Laufer et al., 1994), and joint formation (Storm and Kings-
ey, 1996). We have been especially interested in factors
nvolved in determining interdigital cell death (Lee et al.,
994, 1999). It has been reported that three members of the
mp family, Bmp-2, Bmp-4, and Bmp-7, are coexpressed in
he interdigital regions (Wozney et al., 1993; Francis et al.,
994; Lyons et al., 1995; Laufer et al., 1997). These Bmps,
hen loaded into latex beads and implanted into chick
nterdigital tissues, can induce precocious cell death in
nterdigital tissues (Gan˜an et al., 1996; Macias et al., 1997,
erino et al., 1998). Similar findings have also been re-
orted in ducks (Gan˜an et al., 1998). Moreover, the blocking
f the action of Bmps through retroviruses encoding domi-
ant negative Bmp receptor genes can also prevent inter-
igital cell death (Zou and Niswander, 1996; Yokouchi et
l., 1996). These findings implicate Bmps as signaling
olecules for inducing interdigital cell death. However, the
ituation is more complicated because Bmp-2, -4, and -7 can
89
a90 Tang et al.also induce other biological effects such as chondrogenesis
(Hogan, 1996) and myogenesis (Duprez et al., 1996). Macias
et al. (1997) explained that it was the developmental state of
the limb cells which determines how the cells respond to
Bmps. They demonstrated that Bmps promoted apoptosis in
undifferentiated mesenchymal cells while promoting chon-
drogenesis in prechondrogenic cells. Previously, we have
reported that, in the mouse limb, the developmental fate of
the interdigital tissues was not specified at 12.5 days (Lee et
al., 1994). The 12.5-day interdigital tissues could be di-
verted from the apoptotic pathway into the chondrogenic
pathway, simply by isolated them from the limb and
maintaining them in culture. This strong chondrogenic
potential of the interdigital tissues has also been demon-
strated in the limbs of chick (Hurle et al., 1989), duck
(Gan˜an et al., 1998), and rat (Lee et al., 1993). Therefore, if
Bmps are expressed in the interdigital regions, why do they
induce apoptosis instead of chondrogenesis? It has been
suggested that tissues found closely associated with the
interdigital mesenchyme, such as digits, ectoderm, and the
apical ectodermal ridge, can profoundly influence the chon-
drogenic potential of the interdigital tissues (Hurle´ and
Gan˜an, 1987; Hurle´ et al., 1989, 1991; Lee et al., 1994). Lee
et al. (1994) have reported that interdigital explants always
produced cartilage in culture. However, if the explants were
cultured in the presence of digits, chondrogenesis could be
inhibited. Recently, Minoru and Hiroyuki (1998) have re-
vealed that when the interdigital tissues were separated
from the digits by the insertion of a barrier in the chick
limb, interdigital cell death was inhibited and instead
ectopic cartilage developed in the interdigital zone. To date,
the interaction between Bmps and the digits in the control
of interdigital cell death and chondrogenesis has not been
examined.
Bmps exert their effects by forming a heteromeric com-
plex between type I and type II serine/threonine kinase
receptors (ten Dijke et al., 1993, 1994a; Dewulf et al., 1995).
Type I serine/threonine kinase receptors, also called activin
receptor-like kinases (Alks), were found to be composed of
six types in vertebrates (ten Dijke et al., 1994b). Among
these receptors, Alk-3 and Alk-6 have recently been deter-
mined to be signaling type I receptors for Bmp-4 and Bmp-7.
Alk-3 and Alk-6 receptors are also designated BmpR-1a and
BmpR-1b, respectively. Neither receptor can transduce the
Bmp signal in the absence of the type II receptors (Harland,
1994), whereas type II receptors can bind directly with the
ligands and form a receptor–ligand complex with type I
receptor (Baker and Harland, 1997). BmpR-1a is widely
expressed at low levels in the chick limb, whereas BmpR-1b
is specifically expressed in condensing mesenchyme
(Kawakmi et al., 1996; Merino et al., 1998). Zou et al. (1997)
reported that the transfection of chick limb buds with the
dominant active bmpR-1b gene is capable of inducing
extensive cell death in the limb. However, Merino et al.
(1998) did not detect bmpR-1b expression in chick inter-
digital tissues.
In the present study, we have examined the spatiotempo-
Copyright © 2000 by Academic Press. All rightral expression pattern of bmp-4 and alk-6 receptor in the
mouse hindlimb by in situ hybridization. We have also
investigated the effects of human recombinant Bmp-4 pro-
tein on mouse interdigital tissues. We have used ex utero
techniques to overcome the many problems associated with
working with mouse limbs. Bmp-4-impregnated beads were
implanted into the interdigital regions of day 12.5 hind-
limb, prior to the onset of programmed cell death. We have
also examined the response of interdigital tissues to
rhBmp-4 in the presence and absence of digits, in vitro.
MATERIALS AND METHODS
Embryos
Day 12.5–14.5 embryos were obtained from pregnant ICR mice
(The Chinese University of Hong Kong). The presence of a vaginal
plug was designated embryonic day 0.5. The mice were killed by
cervical dislocation. The embryos were isolated from the decidua
in Dulbecco’s phosphate-buffered saline containing 0.4% bovine
serum albumin (PB1; Sigma, St. Louis, MO). The hindlimbs were
isolated from the embryos and used for in situ hybridization
nalysis or organ culture studies.
Ex Utero Surgery
To test the effect of Bmp-4 on interdigital cell death, rhBmp-4
(R&D Systems) was loaded into Affi-Gel blue beads. The beads
were soaked in 100 ng/ml rhBmp-4 suspended in DMEM medium
for 1 h. The control beads were loaded with DMEM. The beads
were implanted into the hindlimbs of 12.5-day embryos, ex utero.
Briefly, 12.5-day pregnant mice were anesthetized with sodium
pentobarbital (0.06 mg/g body weight), intraperitoneally. Once
anesthetized, the fur from the sternum to the vagina was shaved.
The abdomen was then cleaned with 70% ethanol and wiped dry.
The anesthetized mice were then injected with 0.2 ml of
droperidol/fentanyl (80 and 1.6 mg/animal; Sigma), a smooth-
muscle relaxant. An incision was then made through the ventral
midline of the abdomen to expose the uterus. To expose the
embryos, the uterine wall was cut on both horns along the
antiplacental side using angled iridectomy scissors and fine forceps.
All embryos, apart from two embryos adjacent to the ovaries on
each uterine horn, were removed from the uterus using cotton buds
to increase the space available and for the positioning of the
experimental embryos. The abdominal cavity was flushed with
lactated Ringer’s solution to remove all tissue debris. Cotton balls
were then inserted into the abdomen to position the experimental
embryos. To access the experimental embryos, the extraembryonic
membranes directly over the hindlimbs were cut using a straight
pair of iridectomy scissors. The hindlimb was then exposed using a
blunt glass probe. rhBmp-4 and control beads were implanted into
the interdigital tissues. Following each operation, the extraembry-
onic membranes were sutured closed and the embryos repositioned
into the lateral regions of the abdomen. The abdominal cavity was
then flushed with fresh lactated Ringer’s buffer to wash away all
blood clots and debris. Finally, the peritoneum and skin were
sutured closed. After 6–18 h, the hindlimbs of experimental
embryos were harvested and used for TUNEL analysis.
s of reproduction in any form reserved.
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91Bmp-4 and Interdigital Cell DeathInterdigital Explant Cultures
The hindlimbs of 12.5-day embryos were harvested and main-
tained in prewarmed PB1 medium. Using a pair of shaped tungsten
needles, a wedge of interdigital tissue was extracted from between
digits 2 and 3 or digits 3 and 4. We have also isolated interdigital
tissues with one digit attached. All isolated interdigital explants
were grown on a piece of sterile Millipore filter (0.22-mm pore size;
Millipore, Bedford, MA) mounted on a nontoxic stainless steel grid
inside an organ culture dish (Falcon, Lincoln Park, NL). BGJb
(Sigma) containing 25% salt solution (700 mg NaCl, 42 mg KCl,
and 45 mg CaCl z 2H2O) and 10% fetal bovine serum was used as
the culture medium. To test the effect of rhBmp-4, we added 100
ng/ml to the culture medium. All explants were cultured for 6–72
h at 37°C and 5% CO2.
Histology
Whole limbs and interdigital cultures were freshly fixed in cold
4% paraformaldehyde at 4°C for 12 h. The specimens were then
dehydrated in a graded series of cold ethanol, cleared in xylene,
embedded in wax, and stored at 4°C. When required, the specimens
were sectioned serially at 7 mm and mounted onto TESPA-treated
lides. All solutions used were RNase free. Fluorescently-labeled
eanut agglutinin (TRITC-PNA; Sigma) was used to confirm the
resence chondrogenic cells in the interdigital cultures. PNA is one
f the earliest known markers for chondrogenic cells (Stringa and
uan, 1996). Briefly, the cultures were fixed for 1 h in cold 70%
thanol and then stained with 1 mg/ml TRITC-PNA for 30 min at
oom temperature. The specimens were washed several times in
BS and viewed under a confocal microscope.
TUNEL Analysis
The presence of apoptotic cells in 12.5- to 14.5-day hindlimbs
was demonstrated using an ApopTag kit (Oncor, Gaithersburg,
MD). Deparaffinized limb sections were digested in proteinase K,
quenched in 2% H2O2 in PBS, and equilibrated in buffer. The
sections were then reacted with terminal deoxynucleotidyl trans-
ferase and digoxigenin labeled. Peroxidase-conjugated digoxigenin
antibody was used to detect the presence of digoxigenin label and
DAB was used as the chromogen. The sections were finally
counterstained in methyl green dye.
In Situ Hybridization
Digoxigenin-labeled sense and antisense riboprobes were synthe-
sized from a psP72 plasmid containing a 1550-bp insert encoding
bmp-4 (kindly provided by Professor B. Hogan) and a pcDNA3
plasmid containing 1200 bp encoding alk-6 (kindly provided by Dr.
P. ten Dijke) using T3 and T7 RNA polymerase (Boehringer
Mannheim Biochemica). The size of the probes was reduced by
hydrolysis in 40 mM sodium bicarbonate and 60 mM sodium
carbonate at 60°C for 15 min. The probes were precipitated with 4
M LiCl and ethanol, then resuspended in in situ hybridization
buffer.
For in situ hybridization, paraffin sections were dewaxed, hy-
drated, and equilibrated in PBS. The sections were then treated
with 10 mg/ml proteinase K for 10 min and postfixed in 4%
paraformaldehyde. The treated specimens were washed twice with
PBS for 10 min and then incubated in prehybridization buffer for
3 h. Afterward, 1 mg/ml digoxigenin-labeled sense or antisense
Copyright © 2000 by Academic Press. All rightiboprobe was diluted in hybridization buffer and added to the
reated specimens. The sense probes were used as the control. The
ybridization temperature for bmp-4 and alk-6 sense and antisense
riboprobes was 50°C, and the incubation time was 18 h. After
hybridization, all unbound cDNA probes were stringently washed
free in 23 SSC at 42°C for 10 min (three changes), followed by 60%
formamide in 0.23 SSC buffer for 15 min and then 0.23 SSC buffer
for 10 min. The location of hybridized probes was determined using
alkaline phosphatase-conjugated digoxigenin antibodies. The anti-
bodies were added to the specimens for 1 h, washed in PBS, and
developed in NBT/BICP.
RESULTS
Distribution of Apoptotic Cells in the
Developing Mouse Hindlimb
The location and distribution of apoptotic cells in 12.5- to
14.5-day hindlimbs were determined using TUNEL stain-
ing. At 12.5 days, extensive cell death was observed over
digit 1 and, to a lesser extent, over digit 5 (Fig. 1A). No
apoptotic cells were found in the interdigital regions. In
contrast, there were numerous apoptotic cells present in
the interdigital tissues of 14 day hindlimbs (Fig. 1B). At 14.5
days, gaps could be seen between the digits, formed as a
result of interdigital cell death and digit growth At this
developmental stage, apoptosis had spread to the perichon-
drium surrounding the digits and also in the joint-forming
regions of the digits (Fig. 1C).
bmp-4 and alk-6 Expression Pattern in the
Developing Mouse Hindlimb
The spatiotemporal expression patterns of bmp-4 and
alk-6 receptor were determined in the developing mouse
hindlimb by in situ hybridization. In the 11.5-day hindlimb,
bmp-4 was found strongly expressed in the anterior and
posterior proximal margins of the autopod and also the AER
(Fig. 2A). At 12.5 days, the digital chondrogenic rays were
discernible in the autopod but did not express bmp-4. In
contrast, bmp-4 was strongly transcribed by the interdigital
tissues (Fig. 2B). In the zygopod and stylopod, the soft
connective tissues expressed bmp-4 but not the myogenic
regions. In the 14.5-day hindlimb, bmp-4 expression was
detected in the prospective joint-forming regions of the
digits (Fig. 2C). These regions, like the interdigital tissues,
normally undergo apoptosis during development. bmp-4
expression was also detected in the chondrocytes, but not
the perichondrium, of the fibula, tibia, and digits (Fig. 2D).
For alk-6, the gene was expressed in the interdigital mes-
enchyme from 12.5 days (Fig. 2E) through to 13.5 days (Fig.
2F). The adjacent digits did not express alk-6. In contrast,
the chondrocytes in the developing digits, fibula, tibia,
and femur of 14.5-day hindlimb strongly expressed alk-6
(Fig. 2G).
s of reproduction in any form reserved.
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92 Tang et al.Effects of Human Recombinant Bmp-4 Protein
on the Developmental Fate of Interdigital
Tissues, in Vivo
Affi-Gel blue beads, loaded with 100 ng/ml rhBmp-4 or
culture medium (control), were implanted into the inter-
digital regions of 12.5-day hindlimbs, ex utero. The limbs
were harvested and examined for the presence of apoptotic
cells 6–18 h after transplantation. TUNEL staining revealed
that there were very few apoptotic cells present in the
FIG. 1. TUNEL staining showing the distribution of apoptotic cell
IDZ, interdigital zone; IM, interzonal mesenchyme. Bars: A, 150 m
IG. 2. In situ hybridization showing the expression pattern of bm
s expressed proximally in the anterior and posterior margins of the
issues but not the adjacent digits. (C) At 14.5 days, the digits, inter
D) bmp-4 is also strongly expressed in the femur, fibula, and tibia.
E) and 13.5-day hindlimbs (F). The adjacent digits did not express a
trongly expressed alk-6 (G). AB, anterior margin; PB, posterior mar
esenchyme; TIB, tibia. Bars: A, 200 mm; B, 100 mm; C, 150 mm;proximity of the implanted control beads (Fig. 3A). In
contrast, rhBmp-4-impregnated beads induced precocious
Copyright © 2000 by Academic Press. All rightcell death in the interdigital regions 6 and 18 h after
implantation (Fig. 3B). Numerous apoptotic cells were
found present around the Bmp beads. Normally, pro-
grammed cell death is not discernible in the interdigital
regions until day 14 (Lee et al., 1999).
Effect of rhBmp-4 on the Developmental Fate
of Interdigital Tissues, in Vitro
To determine the developmental potential of the inter-
ows) in day 12.5 (A), 14 (B), and 14.5 (C) mouse hindlimbs. D, digits;
, 200 mm; C, 100 mm.
, B, C, D) and alk-6 (E, F, G) in the developing hindlimb. (A) bmp-4
day autopod. (B) At 12.5 days, bmp-4 is expressed in the interdigital
l mesenchyme, and tarsal cartilage have started expressing bmp-4.
lk-6, the gene is expressed in the interdigital mesenchyme of 12.5-
In contrast, the distal chondrocytes (arrows) of 14.5-day hindlimb
D, digits; IDZ, interdigital zone; PC, perichrondium; IZ, interzonal
mm; E, F, and G, 150 mm.s (arr
m; B
p-4 (A
11.5-
digita
For a
lk-6.digital tissues, these tissues were isolated from 12.5-day
hindlimbs (Fig. 4A) and maintained in culture for 72 h. In all
s of reproduction in any form reserved.
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93Bmp-4 and Interdigital Cell Death13 specimens examined, cartilage nodules were found in-
side the interdigital explants (Fig. 4B). It appears that, at
12.5 days, the developmental fate of interdigital tissues was
not determined and could be diverted from the apoptotic to
the chondrogenic pathway. However, we have observed
that ectopic cartilage did not develop in the interdigital
regions covered by ectoderm. We have examined the expres-
sion pattern of bmp-4 and alk-6 during interdigital chon-
drogenesis by in situ hybridization. The tissues were exam-
FIG. 3. Effect of rhBmp-4-impregnated beads implanted into the
control, very few TUNEL-positive apoptotic cells (arrows) were fo
apoptotic cells were discernible around the rhBMP-4 beads. B, imp
FIG. 4. (A) An Alcian blue-stained 12.5-day footplate showing th
white lines). (B) Representative appearance of a 12.5-day interdigit
interdigital mesenchyme, except for regions covered by ectoderm. T
as examined by in situ hybridization (C, E, G, I) and PNA staining(
n the interdigital tissues (C) and no cartilage has formed (D). At 2
y ectoderm (E). However, PNA-positive chondrogenic nodules a
egulated in the connective tissues (G) but not the chondrogenic r
xamined at 24 h (I). C, cartilage; E, ectoderm. Bars: A, 200 mm; Bined 6, 24, and 48 h after culture. Both genes were expressed
in the interdigital regions at 12.5 days. We have found that
Copyright © 2000 by Academic Press. All rightafter 6 h of culture, alk-6 expression was down regulated in
the interdigital tissues (Fig. 4C). PNA staining of corre-
sponding serial sections did not demonstrate the presence
of cartilage (Fig. 4D). In the 24-h cultures, alk-6 expression
remained down regulated in the interdigital tissues. None-
theless, in regions covered by ectoderm, alk-6 expression
was maintained (Fig. 4E). PNA staining revealed the pres-
ence of cartilage in the interdigital tissues (Fig. 4F). Gener-
ally, cartilage did not develop in areas covered by ectoderm.
digital regions of 12.5-day footplate, after 18 h ex utero. (A) In the
n the proximity of the implanted bead. (B) In contrast, numerous
d bead. Bar, 150 mm.
where interdigital tissue is extracted for experimentation (dotted
plant cultured for 72 h. A piece of cartilage has developed in the
elationship between alk-6, bmp-4, and interdigital chondrogenesis
H), after 6–48 h culture. At 6 h, alk-6 expression is down regulated
lk-6 expression is also down regulated, except for regions covered
esent in the 24-h specimens (F). At 48 h, alk-6 expression is up
s (H). The expression pattern for Bmp-4 is similar to alk-6 when
mm; C, D, 50 mm; E, F, G, H, I, 150 mm.inter
und i
lante
e site
al ex
he r
D, F,
4 h, a
re prAlk-6 expression was up regulated in the 48-h cultures. The
gene was expressed in the soft connective tissues but not
s of reproduction in any form reserved.
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94 Tang et al.the developing cartilage (Figs. 4G and 4H). Similarly, we
have also observed that bmp-4 expression was down regu-
lated in the 24-h cultures, apart from small areas directly
covered ectoderm (Fig. 4I).
We have used the interdigital explant model to examine
the biological activity of rhBmp-4. The interdigital tissues
were cultured in the absence (Fig. 5A) and presence of 100
ng/ml rhBmp-4 (Fig. 5B). Instead of inducing interdigital cell
death, the protein enhanced chondrogenesis. All ectopic
cartilages found inside Bmp-4-treated explants were signifi-
cantly larger than those in untreated cultures (Table 1).
TUNEL analysis was performed to determine the extent of
cell death in the experimental and control explants. Very
few apoptotic cells were discovered in both the control (Fig.
FIG. 5. Interdigital tissues cultured in the absence (A) and prese
nodules produced in Bmp-4-treated interdigital explants (dotted wh
that there are few apoptotic cells present in the control (C) and rh
difference in the number of apoptotic cells (arrows) found. (E) In
underwent apoptosis (arrows). The extent of this interdigital cell de
D, digits; IDZ, interdigital digital zone; C, cartilage. Bars, 150 mm
FIG. 6. Ex utero surgery. A “T” cut was made in the interdigital ti
limbs appeared normal (A). However, in one specimen some remnan
Bar, 200 mm.5C) and the Bmp-4-treated (Fig. 5D) cultures. In addition,
there was no preferential accumulation of apoptotic cells
g
i
Copyright © 2000 by Academic Press. All rightresent in mesenchymal regions covered by ectoderm (i.e.,
egions where bmp-4 and alk-6 expression had not been
own regulated).
We have also examined the effects of rhBmp-4 on the
evelopmental fate of interdigital tissues accompanied by
flanking digit. In the controls, the presence of a digit
nhibited ectopic cartilage from forming in approxi-
ately 57% of the cultures. In addition, there were
umerous apoptotic cells present in the interdigital re-
ions (Fig. 5E). In the presence of 100 ng/ml rhBmp-4, cell
eath in the interdigital region was even more
xaggerated—with more apoptotic cells present than in
he control (Fig. 5F). These results suggest that in the
bsence of digits, rhBmp-4 induces interdigital chondro-
of 100 ng/ml rhBmp-4 (B). The average size of the chondrogenic
ines) is much bigger than in the control. TUNEL analysis revealed
-4-treated (D) interdigital explants. There was also no significant
presence of digits, a majority of cells in the interdigital tissues
ncreased dramatically when rhBmp-4 was added to the cultures (F).
to induce extra digit development. In nearly all cases, the operated
connective tissues were found attached to the middle digit (arrow).nce
ite l
Bmp
the
ath i
.
ssuesenesis while in the presence of a digit, rhBmp-4 induces
nterdigital cell death.
s of reproduction in any form reserved.
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95Bmp-4 and Interdigital Cell DeathWounding the Interdigital Tissues Does Not
Produce Extra Digits
It has been demonstrated in chick limbs that when the
interdigital tissues are wounded, they are capable of form-
ing extra digits. To determine whether this is also true in
the mouse, we made deep incisions in the interdigital
tissues of 12.5-day embryos, ex utero. The incision was
ade in the shape of a “T” because it induces the greatest
ncidence of extra digits in the chick (Hinchliffe and
order, 1993). The experimental and control embryos were
arvested 3 days postoperation. In 9 of 10 experimental
mbryos examined, we did not detect the presence of extra
igits (Fig. 6A). However, in 1 of the specimens, we found
ome soft connective tissues still connected to the digits
fter interdigital cell death had occurred (Fig. 6B).
DISCUSSION
At present, we have examined the expression patterns of
bmp-4 and alk-6 (bmpR-1b) receptor in the developing
mouse limb. We have found that these genes were coex-
pressed in regions of the limb that undergo interdigital cell
death. The overlapping expression patterns of bmp-4 and
alk-6 in the interdigital regions suggest that bmp-4 prob-
ably acts in an autocrine fashion. The interdigital tissues of
chick and duck are also known to express bmp-4 (Yokouchi
et al., 1996; Laufer et al., 1997; Macias et al., 1997; Gan˜an
et al., 1998). Zou et al. (1997) have reported that overex-
pression of the dominant active bmpR-1b gene in early limb
buds was capable of inducing massive cell death. They
proposed that bmpR-1b regulated cell death in the develop-
ing limb. However, bmpR-1b is not expressed in the inter-
digital tissues of chick limbs (Merio et al., 1998). At
present, we cannot explain why bmpR-1b receptor is ex-
pressed in the mouse and not in chick. Nevertheless, this
was not the only difference that we found between these
species. In the chick, it was relatively easy to induce
interdigital chondrogenesis—simply by removing a small
piece of interdigital ectoderm or apical ectodermal ridge
(Hurle´ and Gan˜an, 1987; Hurle´ et al., 1989). In the mouse,
we made deep “T” cuts into the interdigital mesenchyme
TABLE 1
Interdigital Tissue Cultured in the Presence and Absence of rhBM
Treatment
No. of interdigital
explants
Average size of
chondrogenic
nodule (mm2)
Control 13 10.1 6 0.4
MP-4 18 30.4 6 1.6*
* Significantly different from control at P , 0.005.but failed to induce the formation of extra digits, ex utero.
Hinchliffe and Horder (1993) have reported that in the chick
h
e
Copyright © 2000 by Academic Press. All right“T” cuts induced the highest incidence of interdigital
chondrogenesis. Clearly, there are distinct differences, as
well as similarities, involved in the development of the
chick and mouse limbs.
Bmps and Interdigital Cell Death
It has been reported that the induced expression of the
dominant-negative form of bmpR-1 in chick interdigital
tissues could greatly reduce the extent of interdigital cell
death (Zou and Niswander, 1996; Yokouchi et al., 1996).
oreover, when exogenous Bmp-2, -4, and -7 proteins were
pplied to the interdigital tissues of chick, they could
nitiate precocious interdigital cell death (Gan˜an et al.,
1996; Ros et al., 1997; Macias et al., 1997). These findings
imply that Bmps were the signaling molecules responsible
for initiating cell death in the interdigital tissues. Cur-
rently, we have also confirmed the ability of exogenous
Bmp-4 protein to induce interdigital cell death in the
mouse, ex utero. However, there are still considerable
doubts as to whether the Bmps could to act alone to activate
interdigital cell death. For example, Bmp-2 and -4 are
expressed in the interdigital tissues of duck, yet very
limited interdigital cell death occurs in the duck’s feet
(Yokouchi et al., 1996). Furthermore, mouse embryos with
webbed feet have recently been generated by knocking out
RARa and RARb (Dupe´ et al., 1999). These receptors are
strongly expressed in mouse interdigital tissues during
development. It was discovered that despite the lack of
interdigital cell death in these double mutants, bmp-2 and
4 expressions were maintained.
Bmp-4 Induction of Interdigital Cell Death
Requires the Presence of Digits
The interdigital tissues normally undergo apoptosis as a
means for the digits to separate from each other during limb
development (Saunder and Wider, 1995). However, we have
previously demonstrated that the interdigital tissues of
12.5-day hindlimbs were not irreversibly committed to the
apoptotic pathway (Lee et al., 1994). The 12.5-day interdigi-
al tissues had strong chondrogenic potentials and always
eveloped cartilage when cultured in vitro. Using in situ
or 72 h
Average size of cultured
explants (mm2)
% area of explant occupied
by chondrogenic nodule
40 6 2.4 27
70 6 2.1* 44P-4 fybridization, we have examined bmp-4 and alk-6 receptor
xpressions in the interdigital cultures. We found that
s of reproduction in any form reserved.
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96 Tang et al.bmp-4 and alk-6 expressions were down regulated in most
mesenchymal regions, apart from small areas covered by
ectoderm. In regions where both genes were down regu-
lated, there were always ectopic cartilages present. We also
observed that ectopic cartilage did not formed in the dis-
crete areas where the expression of both genes was main-
tained. However, we do not believe that the absence of
bmp-4 signaling was the reason the interdigital cells were
iverted from the apoptotic pathway and into the chondro-
enic pathway. We have observed that in discrete regions
here bmp-4 and alk-6 expressions were maintained, areas
covered by ectoderm, there was no preferential increase or
accumulation of apoptotic cells. This suggests that bmp-4
signaling, on its own, cannot induce interdigital cell death.
Currently, we have exploited the interdigital cultures as a
model to examine the effects of Bmp-4 protein on interdigi-
tal cell death. We have discovered that when interdigital
tissues were cultured in the presence of Bmp-4, they did not
die but instead developed cartilage. In addition, the carti-
lage nodules produced were three times bigger than the
controls. These results contradict our Bmp-4 bead trans-
plantation experiments, in which we were able to demon-
strate that Bmp-4 induced interdigital cell death. However,
we noted one major difference in the conditions between
the ex utero and the in vitro experiments. In the interdigital
ulture experiments, Bmp-4 acted in the absence of flanking
igits. In contrast, in the bead transplantation experiments,
he Bmp-4 beads were implanted into the interdigital tis-
ues in situ (i.e., in the presence of digits). We believe that
for Bmp-4 to be an effective inducer of interdigital cell
death, it requires the modulating influence of the digits.
This idea is reinforced by our present results, which showed
that in the presence of digits the interdigital tissues devel-
oped ectopic cartilage in only 43% of cases, whereas it was
100% if the interdigital tissues were cultured alone. In
addition, if two digits were left flanking the interdigital
tissues, they never developed cartilage (Lee et al., 1994).
Clearly, this suggests that the digits can influence the
developmental fate of the interdigital tissues. Moreover,
Minorus and Hiroyaki (1998) have reported that, in chicks,
when interdigital tissues were separated from the digits
using physical barriers, the interdigital tissues produced
ectopic cartilage. Consequently, we have examined the
ability of Bmp-4 to influence interdigital cell death in the
absence and presence of digits. We have found that, in the
absence of digits, Bmp-4 enhanced interdigital chondrogen-
esis. However, in the presence of a digit, Bmp-4 was able to
induce interdigital cell death. These findings clearly illus-
trate that the differential response of interdigital tissues to
Bmps was dependent on the modulating influence of the
digits. Recently, Merino et al. (1998) showed that Noggin, a
Bmp antagonist, and TGFb were expressed by the digits.
hey proposed that these peptides may regulate the devel-
pment of the digits. Therefore, it is possible that the
bility of Bmp-4 to influence interdigital cell death and
hondrogenesis is through the direct or indirect modulating
ffects of these or other unreported peptides produced by
Copyright © 2000 by Academic Press. All righthe digits. Alternatively, it maybe the effects of wound
ealing that altered the responsiveness of the interdigital
issues to Bmp-4. Martin et al. (1993) have revealed that by
urgically wounding the limb, they could rapidly induce
gfb1 and tgfb2 expression. TGFb is a potent stimulator of
interdigital chondrogenesis (Gan˜an et al., 1996). In our
xperiments, we produced two cut edges to isolate the
nterdigital tissues from the hindlimb. Perhaps, it was these
ut wounds that were inducing chondrogenesis in our
nterdigital explants. Moreover, it could also explain why
hen one digit was left attached to the interdigital tissues
i.e., one cut surface) the incidence of interdigital chondro-
enesis dropped to 43%. At present, we could not explain
hy we were unable to induce the formation of extra digits
y wounding the interdigital tissues. The same approach
as been reported to be very effective in the chick (Hinch-
iffe and Horder, 1993; Hurle´ and Gan˜an, 1989; Hurle´ et al.,
989). We speculate that the digits in the mouse might
xert a greater antichondrogenic influence over the inter-
igital tissues than in the chick, thus making it much
arder to induce extra digits in the mouse. This speculation
s based on observations that the chick interdigital tissues
re bigger than in the mouse. Therefore, the chick’s digits
aybe less influential than those of the mouse since they
ave to influence a larger area of interdigital tissues.
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